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Abstract

Fast growth rate in modern meat-type poultry is accompanied by several metabolic disorders
resulting from the discrepancy between embryonic and postembryonic growth and development. Pre-
natal period of avian ontogenesis is characterized by abrupt physiologic and metabolic alterations and
hence any disturbance at this stage can affect the hatch efficiency and subsequent postnatal growth
and productivity (E.T. Moran, 2007; V.L. Christensen et al., 2004). The embryonic bird development
can be supported by the in ovo nutrition using natural nutrients (amino acids, carbohydrates, vitamins)
as well as growth stimulators and hormones; this approach can also prepare the poults for the intense
postnatal growth (P.R. Ferket, 2016). From the nutrigenomic point of view, the nutrients and bioactive
substances can affect gene expression (V.I. Fisininet al., 2006; L. Bordoniet al., 2019). The experiments
with the in ovo nutrition proved that the injections of nutrients can affect physiological status of broiler
embryos and hatched broiler chicks. E.g. the injections of carbohydrates enlarge the pool of energy
available for the embryo and decreases the catabolism of proteins and lipids during the final stage of
incubation, resulting in the increases in the weight of the hatched chicks and in postnatal growth rate,
supported by better development of the gastrointestinal tract (R. Kornasioet al., 2011; R. Jhaet al.,
2019). All amino acids are necessary for the developing embryo; the absence of any of the amino acids
can disrupt protein synthesis and homeostasis in the embryo, resulting in poorer postnatal growth and
development. A bulk of studies were published which demonstrated the positive effects of the in ovo
injections of individual amino acids and their combinations on the postnatal growth rate (Y. Ohtaet
al., 2001; T.M. Shafeyet al., 2014; L.L. Yu et al.,2018). Ca. 94% of total metabolizable energy in the
embryo is generated via the oxidation of fatty acids. These oxidative processes, in turn, generate sub-
stantial amounts of free radicals which can result in vast cellular damage (P. Surai and V.I. Fisinin,
2013; A. Yigitet al., 2014). The administration of vitamins with antioxidative activity (like C or E)
during the embryonic period positively affected the postnatal development of the immune system in
chicks (S.A. Selimet al., 2012; S. Nowaczewskiet al., 2012). The administration of L-carnitine into the
embryos was shown to enhance pre-hatch glucose utilization in the anaerobic conditions and postnatal
growth in the chicks (T.M. Shafeyet al., 2010; A.M. Dolgorukova, 2017). The in ovo nutrition can
therefore be an instrument of significant improvement of the hatchability of the eggs and subsequent
growth efficiency in hatched chicks, resulting in explicit economic effect (E.D. Peebles, 2018). It
should, however, be noted that this technique has not still found application in the commercial poultry
production and that for wider knowledge on the stimulating effects of different nutrients on the devel-
opment of avian embryo further research is required.
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Poultry farming is one of the leading branches of agriculture for producing
relatively cheap and biologically complete food products. The peculiarities of the
reproduction of domesticated birds, in particular the fact that the efficiency of
reproduction in birds is definitely higher than in mammals, led to the emergence
of industrial poultry farming [1].



Over the past 50 years, significant progress has been made in improving
the functional characteristics of poultry through genetic selection. Thus, from 1957
to 2005, the growth rate of broilers increased by about 400% (for 5-6 weeks of
life). At the same time, a higher body weight is achieved in less time with a de-
crease in feed consumption per 1 kg of body weight gain [2, 3]. However, such
rapid growth and development caused a number of adverse complications, includ-
ing ascites, skeletal abnormalities, immunosuppression, as well as increased sus-
ceptibility to infectious diseases [4]. According to Buzata et al. [5], such metabolic
complications can be caused by inconsistencies between the processes of growth
and development during embryogenesis and in the postembryonic period [5]. In
modern broiler breeds and crosses, the duration of embryonic and neonatal devel-
opment reaches 50% of the period of productivity (35-42 days of life).

Genetic selection determines the genotype of poultry; however, how in-
herited genes are expressed depends on external conditions — nutrition and grow-
ing technology. According to modern concepts of nutrigenomics, nutrients and
biologically active substances can influence gene expression [6, 7]. These factors
have the greatest effect during periods of intensive cell division while embryogen-
esis, leading to permanent effects throughout the entire postnatal period [8, 9].
The nature of nutrients supplied to the chick during the prenatal period is formed
by the so-called food (or epigenetic) imprinting, on which the further growth and
development of the organism depend. During epigenetic imprinting, DNA meth-
ylation occurs in the regions of promoters of specific genes, which can modulate
for a long time the adaptive response of the organism to various stimuli during
critical periods of development [10]. In poultry, epigenetic programming can be
conducted during two critical periods —in a young industrial stock during game-
togenesis and during embryogenesis, when egg nutrients are consumed by the em-
bryo through the amniotic fluid and yolk [11].

The embryonic development of poultry can be supported and the chicks
can be better prepared for intensive growth by using in ovo nutrition with natural
nutrients — amino acids, carbohydrates, vitamins, as well as growth stimulants
and hormones. The purpose of this review is to analyze the data available in the
literature on the effects of carbohydrates, amino acids, antioxidants, and vitamins,
when administered in ovo, on the embryonic and post-embryonic development of
poultry, on the possible mechanisms of these effects, as well as on the prospects
for creating industrial technologies of prenatal nutrition.

Technology of prenatal in ovonutrition. The last period of incu-
bation is characterized by oral intake of amniotic fluid by the embryo, intensive
resorption of the yolk, accumulation of glycogen stores in muscles and liver for
their use during pecking and hatching, the onset of pulmonary respiration, retrac-
tion of the residual yolk into the abdominal cavity, and finally, after pecking, the
chick comes out of the shell [12, 13]. During this period, sharp physiological and
metabolic changes occur, and any arising disturbances (for example, delay in nu-
trient use, incubation temperature) affect hatching efficiency and subsequent
productivity [14-17].

The experiments using in ovo nutrition technology have shown that injec-
tions of nutrients affect the physiological state of broiler and chick embryos after
hatching. The nutrients and biologically active substances introduced in this way
ultimately improve the nutritional status of the chicks, which leads to a greater
growth potential [18-20]. The injection site mainly depends on the age of the
embryo. Thus, Ebrahimi et al. [18] propose to introduce substrates into egg albu-
men to a depth of 12 mm before incubation, as well as at its initial stage. After 17
days of incubation, the injections are carried out into other parts of the egg —



the air chamber and amnion. For the introduction of exogenous sources of
nutrients and biologically active substances in ovo, either insulin syringes are
used (under laboratory conditions) [21] or installations that ensure the pro-
cessing of a large batch of eggs. The needles used in such devices are designed
to reach the amnion [22].

Features of carbohydrate metabolism and the use of
their exogenous sources during embryogenesis. One of the main
physiological processes during the hatching period is the maintenance of glucose
homeostasis. The liver plays a central role in carbohydrate metabolism and the
delivery of glucose to tissues during embryogenesis, performing glucose synthesis
from non-carbohydrate precursors (gluconeogenesis), glycogen synthesis (glyco-
genesis), and glycogen breakdown (glycogenolysis) [23, 24]. Glycogen stores are
consumed as embryos go through the hatching process [25]. The high growth rate
of the embryo is associated with high energy consumption. The glycogen stores in
the liver and muscles are unable to meet the metabolic needs of the embryo,
especially on the last day of embryogenesis. Low glycogen content in the liver
correlates with longer hatching and lower body weight at hatching [14]. For ho-
meostatic regulation of the amount of glucose in the blood, the embryo is forced
to generate energy using various metabolic processes, for example, gluconeogenesis
using glycerol as a substrate, released after lipolysis, or an amino acid after prote-
olysis [13]. Proteolysis, during which protein degradation is conducted, negatively
affects the development of embryos [26, 27]. Since there are no carbohydrates in
the egg, glycogen stores will begin to replenish only when the hatched chick has
full access to the feed [13].

The introduction of different types of carbohydrates in ovo is likely to in-
crease the amount of available energy for the embryo and reduce the catabolism of
proteins and lipids during internal hatching. Zhai et al. [22] showed that injections
of carbohydrates (glucose, sucrose, maltose, and dextrins, 0.25 g of active ingredient
per 1 ml of diluent) statistically significantly (p < 0.001) increased the body weight
of chicks while hatching, which increased in direct proportion to the volume of the
injected solution. The authors recommend injecting no more than 0.4 ml of sucrose
and 0.7 ml of glucose, maltose, and dextrin, while maintaining 90% hatchability.
Fructose, unlike other carbohydrates, reduced hatchability and the body weight of
chicks. The authors did not explain the reason for this [22].

At the end of the incubation period, rapid growth and maturation of visceral
organs occur [28, 29]. Over the last 6 days of incubation, the area of the absorption
surface in the small intestine increases 5-fold, the number of enterocytes increases,
goblet cells appear that produce acidic mucin, and the ability to digest and absorb
develops [30]. The earlier the intestines reach functional maturity, the faster the
chicks will be able to use the nutrients in the feed, effectively absorb minerals and
vitamins, thereby supporting the development of the most important organs and
systems (skeleton, immune system, pectoral muscle). The observed increase in the
body weight of chicks receiving carbohydrates during embryonic development may
be associated with improvement in the development of the gastrointestinal tract,
which was confirmed in the study by Kornasio et al. [19]. In chicks which received
a mixture of dextrin and hydroxymethyl butyrate during the embryonic period, the
glycogen content in the liver and muscles increased and the proliferation of satellite
cells of muscle tissue was activated. The effect of the solution, injected in ovo, was
long-lasting and influenced the weight of the poultry at the end of the rearing period
[19]. Salmanzadeh et al. [31] showed that chicks that received a mixture of glucose
and magnesium during the embryonic period had a greater body weight at hatching
and on the 4214 day of life compared with the control group; in addition, the slaugh-
ter yield and the yield of pectoral muscles increased [31]. Similar results were



obtained in the authors’ experiments. In 1-day-old chicks of meat-type mini chicken
of the B77 line, the relative mass of the glandular and muscular stomachs in the
group receiving dextrin in the prenatal period was significantly higher than in the
control intact group. The live weight of 21-day-old chicks from the experimental
groups, injected in ovo with glucose and dextrin (0.5 ml of a 10% solution), exceeded
that in the control group by 3.9-6.7%, respectively [20, 32]. Similar results were
obtained for poultry of the meat production direction — Cornish chicks of the cross
Smena 8 [33]. A similar effect was observed in the embryos of ducks: injection of
glutamine and carbohydrates (sucrose and maltose) in ovo led to an increase in live
weight at the end of rearing, improved the development of the intestines and pec-
toral muscles [34].

Bhanja et al. [35] showed that in ovo injections of glucose (50 mg per em-
bryo) on day 18 of incubation affected the development of the digestive system and
the biochemical profile of the blood of chicks. In 1-day-old chicks from the exper-
imental group, the content of glucose and protein in the blood plasma, the weight
of the liver, glandular and muscular stomachs, as well as the small intestine, in-
creased. On day 10 of life, in chicks receiving glucose during the embryonic period,
the concentration of glucose and uric acid in the plasma significantly decreased, and
the weight of the spleen and small intestine increased [35].

The use of exogenous amino acids in embryogenesis. In
poultry, the pectoral muscle tissues serve as the main source of amino acids for
gluconeogenesis when there is a lack of energy, which can lead to its atrophy [25,
36, 37]. Under late access to the feed, the development and growth of skeletal
muscles are delayed and lags behind until slaughter age [17].

Ohta et al. [38] conducted experiments to evaluate the effect of in ovo
injections of a mixture of amino acids on their use by embryos. It was shown that
in the group receiving amino acids in ovo on day 7 of incubation, on day 19, the
content of amino acids in the embryo, yolk, albumen, allantoic fluid, and amnion
fluid was significantly higher (p < 0.05) than in the control (distilled water); in
comparison with the control group, the absolute and relative weight of 1-day-old
chicks also increased [38].

These results were confirmed when studying the effects of introducing a
mixture of amino acids (0.75 ml per embryo) on ducks: when hatching, the mass
of chicks was 6.2 higher than in the control; in addition, an increase in the mass
of lymphoid organs was noted [39, 40].

In a number of experiments, the effect of individual amino acids was stud-
ied. Thus, Coskun et al. [41] demonstrated a positive effect of the introduction of
methionine (50 pl per egg) into the amnion of broiler embryos: the relative weight
of chicks increased by 2.7% compared to the control. Tahmasebi et al. [42]
demonstrated a positive effect of threonine (25 mg per egg) introduced into the
amnion on day 14 of incubation, which led to an increase in the growth rate of
chicks compared with the control group (p < 0.05), as well as improvement in the
development of organs of the gastrointestinal tract.

Ohta et al. [43] suggested that the concentration of amino acids in eggs,
for example, glycine and proline, was insufficient to support embryo development
in the final phase of incubation. This is also confirmed by the studies [44], which
showed statistically significant differences in body weight in 1-day-old and 3-
week-old chicks, if glycine and proline were administered during the embryonic
period, compared with the control group.

Tong and Barbul [45] state that arginine is an essential amino acid for
embryos, which is mainly due to its role in protein synthesis. Arginine is involved
in a number of metabolic pathways, taking part in the formation of various bio-
logically active compounds, which also helps to maximize the development



potential of the embryo by stimulating the secretion of growth hormones. It is
known that arginine serves as a substrate for the synthesis of nitric oxide, the rate
of oxidation of which during embryonic development is associated with the growth
rate of chicks after hatching [46, 47]. In chicks receiving arginine during the em-
bryonic period, after hatching, the growth rate and enzymatic activity of the di-
gestive glands increased, and the morphological development of the organs of
the gastrointestinal tract improved [42, 48]. It was shown that the hatchability
of eggs was higher in the group where the embryos were injected with arginine
and lysine on day 18 of incubation; on day 42 of life, the body weight of the
obtained chicks was higher compared to the control group [49]. In other exper-
iments, in vivo injections of 0.6% arginine solution contributed to an increase in
the concentration of albumin in the blood plasma, the deposition of protein in
the pectoral muscles, and, as a consequence, an increase in the growth of pec-
toral muscles in chicks [50].

Similar effects were observed in other poultry species. After the injection
of a 3% solution of arginine into the air chamber of quail embryos, the synchro-
nism in the hatching of chicks increased, the live weight increased on days 7 and
42 of life, and the feed conversion improved compared to the control group [51].
In the experiments on turkeys, feeding in ovo with the solution containing 0.7%
arginine contributed, on average, to a twofold increase in the activity of pancreatic
digestive enzymes (saccharase, maltase, leucyl aminopeptidases) in the small in-
testine of embryos on day 25 [52]. On day 14 of life of chicks, the activity of these
enzymes was 3 times higher than in the control [52].

As it was noted, the effect of in ovo feeding may be due to epigenetic
mechanisms. It was shown that in ovo injections of L-arginine at different times
of incubation of chick embryos increased the expression of genes for myoblast
determination factors (MyoD) and myogenin in the pectoral muscles of embryos
[53]. The authors of the study explain the observed effect by the fact that L-
arginine is a precursor of NO [53]. The effect of nitric oxide on the stimulation
of the processes of embryonic myogenesis by enhancing the expression of myo-
genic regulatory factors was shown during in ovo injections to chick embryos of
NO synthase inhibitors — an enzyme involved in the formation of nitric oxide
from L-arginine, or NO donors [54].

The epigenetic effect of exogenous amino acids was noted in the case of
in ovo administration of sulfur-containing amino acids methionine and cysteine,
which increased the expression of genes for insulin-like growth factor (IGF-1) and
toll-like receptor 4 (TLR-4) [55].

Features of energy metabolism of poultry embryos and
the use of antioxidants and vitamins in embryogenesis. The me-
tabolism of poultry in the embryonic period has some peculiarities and differs from
the metabolism in postnatal ontogenesis. This is due to the unique structure of the
poultry's egg, in which almost the entire supply of energy sources is yolk triglyc-
erides and partly proteins, while free carbohydrates are extremely small: 0.5% in
the yolk and 0.2% in the albumen, of which 98% are glucose [56]. The successful
development of the embryo in poultry depends on the delivery of a sufficient
amount of lipids (in a certain ratio) from the yolk to the embryo and the metabolic
ability of the embryo tissues to utilize them for growth and differentiation. It was
estimated that 94% of the total metabolic energy of the embryo during develop-
ment was generated as a result of fatty acid oxidation [28, 57].

The presence of a large amount of unsaturated fatty acids in the presence
of oxygen is fraught with the occurrence of oxidative processes with the formation
of oxygen radicals. They lead to damage to embryonic and germinal structures and



the accumulation of toxic compounds. Antioxidants counteract the negative effects
of free radicals and thereby protect the embryo from damage [58, 59].

The positive effect of in ovo injections of vitamins E (10 mg) and C (3 mg)
on the body weight of ducklings after hatching and on their subsequent growth
rate was established. The experimental groups were characterized by improved feed
conversion [60]. The study of the effect of vitamin E on productivity and immu-
nological parameters of the blood of chicks after hatching revealed the effect of
this compound on the development of the immune system in chicks during the
rearing period. Injection of vitamin E at a dose of 30 mg resulted in increased
resistance to avian influenza and infectious bronchitis. In the experimental groups,
an increase in the titers of immunoglobulins IgG, IgM, and IgA was noted [61].
Nowaczewski et al. [62], considering the effect of vitamin C on the hatchability
of chicken and duck eggs, found that its positive effect was manifested only in
duck eggs. In chicken eggs, injections of vitamin C did not have a significant effect
on improving hatchability. In duck eggs, the best hatching results were obtained
in experimental groups, regardless of the dose and time of in ovo administration
of ascorbic acid. On average, the difference in hatchability of duck eggs between
the experimental and control groups was 32.5% [62]. Opposite results for chicken
eggs were obtained by Zhu et al. [63]: when 11-day-old embryos were injected
with ascorbic acid (3 mg/egg), both an improvement in hatchability and an in-
crease in the growth rate of chicks up to 42 days of age were observed. Moreover,
the same authors found an increase in the expression of the /L-4 and DNMTI
genes and a decrease in IL-18, Tet 2, Tet 3, and Gadd 458 (p < 0.05) in the spleen
tissues of 21-day-old chicks, which received ascorbic acid on day 11 of incubation
[63]. Apparently, the effect of antioxidants depends on the characteristics of the
fatty acid composition of the egg and the content of endogenous antioxidants.

During the last 2-3 days of incubation, due to the high energy intensity of
the hatching process and the relatively low availability of oxygen, fatty acids cannot
provide the embryo with all the necessary energy [13]. As a result, the embryo
switches to anaerobic glucose catabolism, the intensity of which depends on the
amount of glucose stored in the form of glycogen of liver, kidney and muscles and
generated during gluconeogenesis from amino acids, glycerol, and lactate [23, 49].

One of the substances that stimulate the oxidation of fatty acids for energy
production is L-carnitine, which belongs to the group of biologically active com-
pounds and plays an important role in energy metabolism during embryogenesis,
participating in the transfer of acyl groups of fatty acids from the yolk to the tissues
of an embryo. Poultry embryos have a limited ability to synthesize L-carnitine
during incubation. The studies on the effect of exogenous sources of L-carnitine
gave ambivalent results. In some experiments, the introduction of L-carnitine be-
fore incubation at doses from 2 to 12 mg per egg did not significantly affect the
postembryonic development of chicks [18]. Elevating the dose of L-carnitine in-
creased the hatching time and decreased the hatchability; the authors do not pro-
vide an explanation of the mechanism that caused the decrease in hatchability
[18]. In other studies, the use of L-carnitine in ovo did not decrease hatchability
and did not increase the hatching period of chicks [64]. At the same time, there
was an increase in the absolute and relative weight of chicks at hatching, the
content of glycogen in the liver and pectoral muscle, and insulin-like growth factor
in the blood plasma [64]. It was also shown that the injection of L-carnitine on
day 14 of incubation significantly increased hatchability, increased the growth rate
of chicks, and improved feed conversion [65]. Similar results were obtained in the
authors’ studies. As a result of in ovo injection of L-carnitine in an amount of 2-
3 mg per egg, hatchability increased, in 1-day-old chicks, there was a statistically



significant increase in weight, a significant decrease in glucose concentration, and
an increase in the activity of lactate dehydrogenase in the blood serum, which
indicates increased utilization of glucose under anaerobic conditions during the
hatching period [66, 67].

It should be noted that the dosage of L-carnitine used in the studies varies
greatly. Apparently, a clear understanding of the rate of carnitine synthesis during
embryogenesis, as well as control of its initial content and correction in the case
of deviation from the norm, are required.

Thus, the prenatal period in the development of poultry is an extremely
important and critical period. Egg feeding technology can help the chick success-
fully overcome this stage and fully realize its genetic growth potential. The increase
in the growth rate of poultry is due to the ability of the intestines to better digest
and assimilate food. This can be achieved by in ovo administration of compounds
that stimulate the functional activity of the cells of the gastrointestinal tract. In
the first week after hatching, metabolic and physiological changes occur in the
organism of the chicks. Faster adaptation of the gastrointestinal tract to exogenous
food is essential for growth and increased vitality. It is also important that prenatal
feeding has an epigenetic effect, inducing the expression of genes, the products of
which are involved in the main metabolic pathways and processes in tissues and
organs and thereby affect productivity. Consequently, feeding in eggs can be a tool
to significantly improve hatchability and the vitality of chicks.

Despite a lot of conducted research, the method of prenatal feeding has
not yet found industrial application. The data on dosages of exogenous substances
vary significantly, as well as the timing of their use. To select the optimal dose, it
is necessary to control the carbohydrate, amino acid, and vitamin composition of
the embryo. This, in turn, requires establishing the norms for the content of such
compounds in the embryo and developing the technology for the rapid accurate
determination and correction of the corresponding parameters in the hatching egg.
To implement the discussed technology into practice, research is required using
existing automated systems [68, 69].

Influence of in ovo administered substances on hatchability and the growth rate of
chicks

Influence
on hatchability | on growth

Incubation period,
days/dose per embryo

Active substance Reference

Glucose, maltose, dextrin 18/25 mg + + 22]
Dextrin, hydroxymethyl butyrate 18/0.7 ml, 0.4% solution No data + [19]
Glucose, dextrin 17/0.5 ml 10 % solution No influence + 132
Glucose 18/50 mg No influence + [35]
Mixture of amino acids 7/0.7 ml - + [43]
Mixture of amino acids 7/53 mg + + [38]
Methionine 16/50 ul - + [41]
Threonine 14/25 mg No data + [42]
Glycine + proline 14/5.8 ml - + [44]
Arginine 17.5/0,6 mg No data + [50]
Arginine 0/0.5 mi1, 3% solution + + [51]
Arginine 21/1,5 ml, 0.7% solution No influence + [52]
Methionine + cysteine 17.5/6.3 mg No influence + [55]
Ascorbic acid 11/3 mg + + [63]
Ascorbic acid 17/3 mg - No data [62]
Vitamin E 12/10 mg + + [60]
Vitamin E 14/15-30 mg + + [61]
Folic acid 11/100-150 pg + + [18]
Carnitine 0/8 mg - No influence [64]
Carnitine 18/25-100 pl No influence + [63]
Carnitine 14/4-12 mg + + [66]
Carnitine 17/3 mg + + 22]
Note. “+” — improvement, “~” — deterioration, “no influence” — the indicator remained unchanged.

Moreover, the cost-effectiveness of such a technology is not clear.



Proceeding from the fact that its main significant indicators are hatchability and
the growth rate of chicks, the authors briefly summarized the data available in the
special literature on this topic (Table).

Thus, despite the fact that the overwhelming majority of researchers de-
clare the positive effect of prenatal feeding on the growth rate of poultry, many
questions remain unresolved and controversial. The effect on the viability of
embryos after their exposure to exogenous substances is ambiguous; their dosage
and delivery time to the embryo are not clear. Establishing the norms for the
content of such exogenous substances in the egg and studying the physiological
mechanisms of the response of embryos after exposure to them remains the most
important task, without solving which it is impossible to successfully regulate the
productive qualities of poultry at the embryonic stage.

REFERENCES

1. Fisinin V.I. Mirovoe i rossiiskoe ptitsevodstvo: realii i vyzovy budushchego: monografiya |[World and
Russian poultry farming: realities and challenges of the future: monograph]. Moscow, 2019 (in
Russ.).

2. Druyan S. The effects of genetic line (broilers vs. layers) on embryo development. Poultry Science,
2010, 89: 1457-1467 (doi: 10.3382/ps.2009-00304).

3. Zuidhof M.J., Schneider B.L., Carney V.L., Korver D.R., Robinson F.E. Growth, efficiency, and
yield of commercial broilers from 1957, 1978, and 2005. Poultry Science, 2014, 93(12): 2970-2982
(doi: 10.3382/ps.2014-04291).

4. Havenstein G.B., Ferket P.R., Qureshi M.A. Growth, livability, and feed conversion of 1957
versus 2001 broilers when fed representative 1957 and 2001 broiler diets. Poultry Science, 2003,
82(10): 1500-1508 (doi: 10.1093/ps/82.10.1500).

5. Buzata M., Janicki B., Czarnecki R. Consequences of different growth rates in broiler breeder
and layer hens on embryogenesis, metabolism and metabolic rate: A review. Poultry Science, 2015,
94(4): 728-733 (doi: 10.3382/ps/pev015).

6. Fisinin V.I., Surai P.F., Papazyan T.G. Zhivotnovodstvo Rossii, 2006, 11: 21-23 (in Russ.).

7. Bordoni L., Gabbianelli R. Primers on nutrigenetics and nutria(epi)genomics: Origins and devel-
opment of precision nutrition. Biochimie, 2019, 160: 156-171 (doi: 10.1016/j.biochi.2019.03.006).

8. Nagaeva E.V., Shiryaeva T.Yu. Problemy endokrinologii, 2010, 6: 32-40 (in Russ.).

9. Koletzko B., Brands B., Poston L., Godfrey K., Demmelmair H. Early nutrition programming
of long-term health. Proceedings of the Nutrition Society, 2012, 71(3), 371-378 (doi:
10.1017/S0029665112000596).

10. Kaneko K., Choudhuri S. Chapter 52. Epigenetics in reproduction and development. In: Repro-
ductive and developmental toxicology (second edition). R.C. Gupta (ed.). Academic Press, UK,
2017: 1005-1021 (doi: 10.1016/B978-0-12-804239-7.00052-4).

11. Ferket P.R. The potential of perinatal nutrition. The Proceedings of XXV World's Poultry Congress.
N. Yang, L. Lian, J. Zheng, X. Liu, C. Wu (eds.). Beijing, China, 2016: 161-166.

12. Boleli I.C., Morita V.S., Matos J.B., Thimotheo M., Almeida V.R. Poultry egg incubation: inte-
grating and optimizing production efficiency. Brazilian Journal of Poultry Science, 2016, 18(spe):
1-16 (doi: 10.1590/1806-9061-2016-0292).

13. Moran E.T. Nutrition of the developing embryo and hatchling. Poultry Science, 2007, 86(5):1043-
1049 (doi: 10.1093/ps/86.5.1043).

14. Christensen V., Wineland M.J., Yildirum I., Ort D.T., Mann K.M. Incubator temperature and
oxygen concentration at the plateau stage affects intestinal maturation of turkey embryos. Infer-
national Journal of Poultry Science, 2004, 3(6): 378-385 (doi: 10.3923/ijps.2004.378.385).

15. Almeida V.R., Morita V.S., Sgavioli S., Vicentini T.I., Castiblanco D.M.C., Boleli I.C. Incuba-
tion temperature manipulation during fetal development reduces adiposity of broiler hatchlings.
Poultry Science, 2016, 95(2): 316-324 (doi: 10.3382/ps/pev327).

16. Piestun Y., Harel M., Barak M., Yahav S, Halevy O. Thermal manipulations in late-term chick
embryos have immediate and longer term effects on myoblast proliferation and skeletal muscle
hypertrophy. Journal of Applied Physiology, 2010, 106(1): 233-240 (doi: 10.1152/japplphys-
101.91090.2008).

17. Willemsen H., Debonne M., Swennen Q., Everaert N., Careghi C., Han H., Bruggeman V.,
Tona K., Decuypere E. Delay in feed access and spread of hatch: Importance of early nutrition.
World’s Poultry Science Journal, 2010, 66(2): 177-188 (doi: 10.1017/S0043933910000243).

18. Ebrahimi M.R., Jafari Ahangari Y., Zamiri M.J., Akhlaghi A., Atashi H. Does preincubational in
ovo injection of buffers or antioxidants improve the quality and hatchability in long-term stored



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

eggs? Poultry Science, 2012, 91(11): 2970-2976 (doi: 10.3382/ps.2012-02246).

Kornasio R., Halevy O., Kedar O., Uni Z. Effect of in ovo feeding and its interaction with timing
of first feed on glycogen reserves, muscle growth, and body weight. Poultry Science, 2011, 90(7):
1467-1477 (doi: 10.3382/ps.2010-01080).

Jha R., Singh A.K., Yadav S., Berrocoso J.F.D., Mishra B. Early nutrition programming (in ovo
and post-hatch feeding) as a strategy to modulate gut health of poultry. Frontiers in Veterinary
Science, 2019, 6: 82 (doi: 10.3389/fvets.2019.00082).

Dolgorukova A.M., Gulyushin S.Yu., Sidorova L.1. Sposob povysheniya zhiznesposobnosti embrio-
nov sel'skokhozyaistvennoi ptitsy. Patent na izobretenie. RUS 2616424 MPK A0IK 41/00. Vseros.
nauch.-issl. in-t ptitsevodstva (RU) Ne 2015149120. Zayavl. 16.11.2015. Opubl. 14.04.2017. Byul.
No 11 [Method for increasing the viability of poultry embryos. Patent for an invention. RUS
2616424 MPK AOIK 41/00. All-Russian Research Poultry Institute (RU) Ne 2015149120.
Appl. 16.11.2015. Publ. 14.04.2017. Bull. Ne 11] (in Russ.).

Zhai W., Rowe D.E., Peebles E.D. Effects of commercial in ovo injection of carbohydrates on
broiler embryogenesis. Poultry Science, 2011, 90(6): 1295-1301 (doi: 10.3382/ps.2010-01130).
Christensen V.L., Wineland M.J., Fasenko G.M., Donaldson W.E. Egg storage effects on plasma
glucose and supply and demand tissue glycogen concentrations of broiler embryos. Poultry Sci-
ence, 2001, 80(12): 1729-1735 (doi: 10.1093/ps/80.12.1729).

Uni Z., Ferket P.R., Tako E., Kedar O. In ovo feeding improves energy status of late-term
chicken embryos. Poultry Science, 2005, 84(5): 764-770 (doi: 10.1093/ps/84.5.764).

Lu J.W., Mc Murtry J.P., Coon C.N. Developmental changes of plasma insulin, glucagon, insu-
lin-like growth factors, thyroid hormones, and glucose concentrations in chick embryos and
hatched chicks. Poultry Science, 2007, 86(4): 673-683 (doi: 10.1093/ps/86.4.673).

Vieira S., Moran E. Effects of egg of origin and chick post-hatch nutrition on broiler live
performance and meat yields. World’s Poultry Science Journal, 1999, 55(2): 125-142 (doi:
10.1079/WPS19990009).

Willems E., Hu T.-T., Soler Vasco L., Buyse J., Decuypere E., Arckens L., Everaert N. Embry-
onic protein undernutrition by albumen removal programs the hepatic amino acid and glucose
metabolism during the perinatal period in an avian model. PLoS ONE, 2014, 9(4): €94902 (doi:
10.1371/journal.pone.0094902).

Uni Z., Yadgary L., Roni Y. Nutritional limitations during poultry embryonic development. The
Journal of Applied Poultry Research, 2012, 21(1): 175-184 (doi: 10.3382/japr.2011-00478).

Uni Z., Tako E., Gal-Garber O., Sklan D. Morphological, molecular, and functional changes in
the chicken small intestine of the late-term embryo. Poultry Science, 2003, 82(11): 1747-1754
(doi: 10.1093/ps/82.11.1747).

Gilbert E.R., Li H., Emmerson D.A., Webb K.E., Wong E.A. Developmental regulation of nu-
trient transporter and enzyme mRNA abundance in the small intestine of broilers. Poultry Science,
2007, 86(8): 1739-1753 (doi: 10.1093/ps/86.8.1739).

Salmanzadeh M., Ebrahimnezhad Y., Aghdam Shahryar H., Beheshti R. The effects of in
ovo injection of glucose and magnesium in broiler breeder eggs on hatching traits, perfor-
mance, carcass characteristics and blood parameters of broiler chickens. Arch. Geflugelkd.,
2012, 76(4): 277-284.

Dolgorukova A.M., Zotov A.A. Ptitsevodstvo, 2019, 3: 48-52 (doi: 10.33845/0033-3239-2019-68-
3-48-52) (in Russ.).

Dolgorukova A.M., Gulyushin S.Yu., Mikhaleva M.S. Veterinariya, zootekhniya i bio-
tekhnologiya, 2019, 2: 34-38 (doi: 10.26155/vet.z00.bi0.201902006) (in Russ.).

Chen W., Wang R., Wan H.F., Xiong X.L., Peng P., Peng J. Influence of in ovo injection of
glutamine and carbohydrates on digestive organs and pectoralis muscle mass in the duck. British
Poultry Science, 2009, 50(4): 436-442 (doi: 10.1080/00071660903114341).

Bhanja S.K., Mandal A.B., Agarwal S.K., Majumdar S. Effect of in ovo glucose injection on the
post hatch-growth, digestive organ development and blood biochemical profiles in broiler chick-
ens. The Indian Journal of Animal Sciences, 2008, 78(8): 869-872.

Willems E., Wang Y., Willemsen H., Lesuisse J., Franssens L., Guo X., Koppenol A., Buyse J.,
Decuypere E., Evaraert N. Partial albumen removal early during embryonic development of layer-
type chickens has negative consequences on laying performance in adult life. Poultry Science,
92(7): 1905-1915 (doi: 10.3382/ps.2012-03003).

De Oliveira J.I., Uni Z., Ferket P.R. Important metabolic pathways in poultry embryos prior to
hatch. World’s Poultry Science Journal, 2008, 64(4): 488-499 (doi: 10.1017/S0043933908000160).
Ohta Y., Kidd M.T., Ishibashi T. Embryo growth and amino acid concentration profiles of broiler
breeder eggs, embryos, and chicks after in ovo administration of amino acids. Poultry Science,
2001, 80(10): 1430-1436 (doi: 10.1093/ps/80.10.1430).

Gaafar K. Effect of in-ovo injection of amino acids mixture in fertilized breeder’s eggs of Muscovy
ducks on the performance of newly-hatched ducklings. Minufiya Vet. J., 2009, 6: 1-12.

Gaafar K.M., Selim S.A., El-Ballal S.S. Effect of in-ovo administration with two levels of amino



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

acids mixture on the performance of Muscovy ducks. Emirates Journal of Food and Agriculture,
2013, 25(1): 58-65 (doi: 10.9755/ejfa.v25i1.9666).

Coskun 1., Erener G., Sahin A., Karadavut U., Altop A., Okur A.A. Impacts of in ovo feeding of
DL-methionine on hatchability and chick weight. Turkish Journal of Agriculture — Food and
Science and Technology, 2014, 2(1): 47-50 (doi: 10.24925/turjaf.v2i1.47-50.64).

Tahmasebi S., Toghyani M. Effect of arginine and threonine administered in ovo on digestive
organ developments and subsequent growth performance of broiler chickens. J. Anim. Physiol.
Anim. Nutr., 2016, 100(5): 947-956 (doi: 10.1111/jpn.12400).

Ohta Y., Tsushima N., Koide K., Kidd M.T., Ishibashi T. Effect of amino acid injection in broiler
breeder eggs on embryonic growth and hatchability of chicks. Poultry Science, 1999, 78(11): 1493-
1498 (doi: 10.1093/ps/78.11.1493).

Bhanja S.K., Mandal A.B. Effect of in ovo injection of critical amino acids on pre- and post-
hatch growth, immunocompetence and development of digestive organs in broiler chickens,
Asian-Australas. J. Anim. Sci., 2005, 18(4): 524-531 (doi: 10.5713/ajas.2005.524).

Tong B.C., Barbul A. Cellular and physiological effects of arginine. Mini-Reviews in Medical
Chemistry, 2004, 4(8): 823-832 (doi: 10.2174/1389557043403305).

Titov V.Yu., Dolgorukova A.M., Fisinin V.1., Borhunova E.N., Kondratov G.V., Slesarenko N.A.,
Kochish I.1. The role of nitric oxide (NO) in the body growth rate of birds. World’s Poultry Science
Journal, 2018, 74(4): 675-686 (doi: 10.1017/S0043933918000661).

Titov V.Y., Ivanova A.V., Osipov A.N., Dolgorukova A.M., Vertiprakhov V.G., Slesarenko N.N.,
Kochish I.I. Synthesis and metabolism of nitric oxide (NO) in chicken embryos and in the blood
of adult chicken. Bulletin of Experimental Biology and Medicine, 2020, 168(3): 321-325 (doi:
10.1007/s10517-020-04700-4).

Gao T., Zhao M.M., Li Y.J. Effects of in ovo feeding of L-arginine on the development of
digestive organs, intestinal function and post-hatch performance of broiler embryos and hatch-
lings. J. Anim. Physiol. Anim. Nutr., 2018, 102(1): 166-175 (doi: 10.1111/jpn.12724).

Shafey T.M., Mahmoud A.H., Alsobayel A.A, Abouheif M.A. Effects of in ovo administration of
amino acids on hatchability and performance of meat chickens. South African Journal of Animal
Science, 2014, 44(2): 123-130.

Yu L.L., Gao T., Zhao M.M., Lv P.A., Zhang L., Li J.L., Jiang Y., Gao F., Zhou G.H. Effects
of in ovo feeding of L-arginine on breast muscle growth and protein deposition in post-hatch
broilers. Animal, 2018, 12(11): 2256-2263 (doi: 10.1017/S1751731118000241).

Al-Daraji H.J., Al-Mashadani A.A., Al-Hayani W.K., Al-Hassani A.S., Mirza H.A. Effect of in
ovo injection with L-arginine on productive and physiological traits of Japanese quail. South
African Journal of Animal Science, 2012, 42(2): 139-145.

Foye O.T., Ferket P.R., Uni Z. The effects of in ovo feeding arginine, hydroxy-methyl-butyrate,
and protein on jejunal digestive and absorptive activity in embryonic and neonatal turkey poults.
Poultry Science, 2007, 86(11): 2343-2349 (doi: 10.3382/ps.2007-00110).

Subramaniyan S.A., Kang D.R., Park J.R., Siddiqui S.H., Ravichandrian P., Yoo D.J., Na C.S.,
Shim K.S. Effect of in ovo injection of L-arginine in different chicken embryonic development
stages on post-hatchability, immune response, and Myo-D and myogenin proteins. Animals, 2019,
9(6): 357 (doi: 10.3390/ani9060357).

Cazzato D., Assi E., Moscheni C., Brunelli S., De Palma C., Cervia D., Perrotta C., Clementi E.
Nitric oxide drives embryonic myogenesis in chicken through the upregulation of myogenic differenti-
ation factors. Experimental Cell Research, 2014, 3(20): 269-280 (doi: 10.1016/j.yexcr.2013.11.006).
Elwan H.A.M., Elnesr S.S., Xu Q., Xie C., Dong X., Zou X. Effects of in ovo methionine-
cysteine injection on embryonic development, antioxidant status, IGF-I and TLR4 gene expres-
sion, and jejunum histomorphometry in newly hatched broiler chicks exposed to heat stress during
incubation. Animals, 2019, 9(1): 25 (doi: 10.3390/ani9010025).

Hartmann C., Wilhelmson M. The hen’s egg yolk: a source of biologically active substances.
World’s Poultry Science Journal, 2001, 57(1): 13-28 (doi: 10.1079/WPS20010003).

Sahan U., Ipek A., Sozcu A. Yolk sac fatty acid composition, yolk absorption, embryo develop-
ment, and chick quality during incubation in eggs from young and old broiler breeders. Poultry
Science, 2014, 93(8): 2069-2077 (doi: 10.3382/ps.2013-0385054).

Curai P., Fisinin V.I. Natural antioxidants in hens' embryogenesis and antistress defence in post-
natal development (review). Agricultural Biology [Sel'skokhozyaistvennaya biologiya], 2013, 2: 3-18
(doi: 10.15389/agrobiology.2013.2.3eng).

Yigit A.A., Panda A.K., Cherian G. The avian embryo and its antioxidant defense system. World’s
Poultry Science Journal, 2014, 70(3): 563-574 (doi: 10.1017/S0043933914000610).

Selim S., Gaafar K., El-Ballal S. Influence of in-ovo administration with vitamin E and ascorbic
acid on the performance of Muscovy ducks. Emirates Journal of Food and Agriculture, 2012, 24:
264-271.

Salary J., Sahebi-Ala F., Kalantar M., Matin H.R.H. In ovo injection of vitamin E on post-hatch
immunological parameters and broiler chicken performance. Asian Pacific Journal of Tropical



62.

63.

64.

65.

66.
67.

68.

69.

Biomedicine, 2014, 4(suppl. 2): S616-S619(doi: 10.12980/APJTB.4.2014APJTB-2014-0088).
Nowaczewski S., Kontecka H., Krystianiak S. Effect of in ovo injection of vitamin C during
incubation on hatchability of chickens and ducks. Folia Biologica (Krakow), 2012, 60(1-2): 93-97
(doi: 10.3409/fb60_1-2.93-97).

Zhu Y., Li S., Duan Y., Ren Z., Yang X., Yang X. Effects of in ovo feeding of vitamin C on
post-hatch performance, immune status and DNA methylation-related gene expression in broiler
chickens. British Journal of Nutrition, 2020, 124(9): 903-911 (doi: 10.1017/S000711452000210X).
Shafey T.M., Al-Batshan H.A., Al-Owaimer A.N., Al-Samawei K.A. Effects of in ovo administration
of L-camitine on hatchability performance, glycogen status and insulin-like growth factor-1 of
broiler chickens. British Poultry Science, 2010, 51(1): 122-131 (doi: 10.1080/00071660903271190).
Rabie M.H., Ismail F.S.A., Ahmed A.A.S. Effect of in ovo inection of L-carnitine at different
incubational ages on egg hatchability in broiler breeders and post-hatch performance. Asian Jour-
nal of Animal and Veterinary Advances, 2015, 10(12): 875-884 (doi: 10.3923/ajava.2015.875.884).
Dolgorukova A.M. Ptitsevodstvo, 2017, 1: 22-25 (in Russ.).

Grozina A., Dolgorukova A. The in ovo application of L-carnitine during embryogenesis in meat-
type chicken. The Proceedings of XXV World’s Poultry Congress. N. Yang, L. Lian, J. Zheng,
X. Liu, C. Wu (eds.). Beijing, China, 2016: 583.

Saeed M., Babazadeh D., Naveed M., Alagawany M., Abd El-Hack M.E., Arain M.A., Tiwari R.,
Sachan S., Karthik K., Dama K., Elnesr S.S., Chao S. In ovo delivery of various biological
supplements, vaccines and drugs in poultry: current knowledge. J. Sci. Food Agric., 2019, 99(8):
3727-3739 (doi: 10.1002/jsfa.9593).

Peebles E.D. In ovo applications in poultry: a review. Poultry Science, 2018, 97(7): 2322-2338
(doi: 10.3382/ps/pey081).



